Introduction {#S1}
============

The efficacy of any cancer therapy is dependent on the expression of the molecular targets of those therapies in tumors. One of the most important molecular markers guiding therapy decisions in breast cancer is estrogen receptor-alpha (ERα), a nuclear receptor which mediates the proliferative actions of estrogen ([@R14]; [@R45]). ERα is expressed in approximately 70% of all breast cancers and is increased in both premalignant and malignant lesions ([@R9]; [@R21]; [@R55]). It is the major target of current hormonal therapies, and, thus, determination of ERα expression by immunohistochemistry is common in clinical practice to gauge the differentiation state of the tumor and to predict response to therapies such as aromatase inhibitors, tamoxifen and fulvestrant ([@R53]; [@R62]). Evidence also suggests that expression of ERα in tumors is dynamic and can change during the course of tumor progression and following therapy ([@R37]; [@R44]).

A major regulatory pathway governing ERα protein expression is the ubiquitin-proteasome pathway. This pathway controls the stability of ERα protein through the covalent attachment of ubiquitin moieties to the receptor which then targets it to the 26S proteasome for degradation. Multiple signals, including estrogen binding, result in increased ubiquitination of ERα and its subsequent proteolysis ([@R3]; [@R18]; [@R43]; [@R65]). The loss of this response is associated with increased risk of breast cancer and hormone-insensitivity associated with metastasis ([@R26]; [@R30]).

The 26S proteasome is a multi-subunit protease that functions as the major regulator of all short-lived proteins in cells ([@R54]). It is comprised of two 19S regulatory complexes and a 20S core complex. The 20S core constitutes the major proteolytic activity of the proteasome, and is comprised of α and β subunits, which are organized into 4 rings of 7 subunits each. The β subunits (β1, β2, and β5) possess distinct protease activities based upon the cleavage site in the protein substrate ([@R47]). The β1 and β2 subunits possess the PGH-like and trypsin-like activities, respectively. The β5 subunit contains the chymotrypsin-like activity, which is considered the dominant protease activity ([@R27]).

Although the 26S proteasome is a critical regulator in all cells, cancer cells may be more dependent on proteasome activity. Proteasome subunits are up-regulated in gastric, breast, and ovarian cancers as well as leukemia ([@R4]; [@R5]; [@R7]; [@R34]). In breast cancer, a "proteasome signature" was identified that is predictive of poor outcome ([@R66]). In addition to changes in proteasome gene expression, the activity of the 26S proteasome was shown to be increased in primary breast tumors relative to normal adjacent tissue ([@R7]) and in invasive breast cancer cell lines relative to non-tumorigenic MCF10 cells ([@R67]). Cumulatively, this evidence has suggested the possible benefit of inhibitors of 26S proteasome as anti-cancer agents.

In an effort to develop clinical proteasome inhibitors, drugs have been developed that target individual protease activities of the proteasome. Common proteasome inhibitors, such as MG132, target all three catalytic activities ([@R58]). Bortezomib is an FDA approved proteasome inhibitor that selectively inhibits the chymotrypsin-like activity ([@R31]). It is currently in clinical use and shows efficacy in the treatment of multiple myeloma and mantle cell lymphoma as a single agent and in combination with other drugs for both refractory and relapsed disease ([@R52]). Given the critical role of the 26S proteasome in ERα protein regulation and the importance of ERα in therapy decisions for the treatment of breast cancer, we sought to examine the effects of bortezomib on ERα regulation and function in hormone-responsive tumor cells.

Results {#S2}
=======

The chymotrypsin-like activity of the 26S proteasome is not required for ligand-inducible degradation of ERα protein {#S3}
--------------------------------------------------------------------------------------------------------------------

Dose-response curves were conducted initially to establish the doses of bortezomib that are necessary to inhibit the chymotrypsin-like activity in a panel of cells derived from estrogen-responsive tissues. The cell lines tested include representative lines of the major classes of breast cancer; luminal A (MCF7, T47D), luminal B (BT474), and triple negative (MDA-MB-231). Additional ER+ cells derived from endometrial cancer (ECC1) and pituitary hyperplasia (PR1) were also included. Cells were treated with bortezomib ranging from 0 to 70 nM for 4 hours and chymotrypsin-like activity was determined by luminescent enzyme assay that reports cleavage of a luminescent Suc-LLVY peptide. [Table 1](#T1){ref-type="table"} shows that bortezomib inhibits 50% of the chymotrypsin-like activity at doses below 10 nanomolar in the cell lines tested. Comparison of the inhibitory activity of bortezomib and MG132 in MCF7 cells shows that inhibition of 95% of the chymotrypsin-like activity is achieved with 30 nM bortezomib ([Figure 1a](#F1){ref-type="fig"}), while 10 μM MG132 is necessary to reach equivalent levels of inhibition ([Figure 1b](#F1){ref-type="fig"}). These data show that bortezomib is more efficacious than MG132 and are consistent with the increased selectivity of bortezomib against the chymotrypsin-like activity of the proteasome relative to general proteasome inhibitors.

We, and others, previously showed that ERα protein is rapidly degraded in response to 17β-estradiol (E2) treatment via a proteasome-dependent pathway. Proteasome inhibitors, including ALLnL, MG132, and lactacystin, were shown to abrogate ligand-induced receptor degradation in a dose-dependent manner. ([@R3]; [@R18]; [@R43]; [@R51]). To establish the role of the chymotrypsin-like activity in estrogen-induced regulation of ERα protein, MCF7 cells were pretreated for 30 minutes with 30 nM bortezomib or 10 μM MG132, followed by treatment with 10 nM E2 or vehicle for four hours. In agreement with previous reports, estrogen treatment resulted in a loss of ERα protein that was prevented by MG132 ([Figure 1d](#F1){ref-type="fig"}). Surprisingly, bortezomib treatment was without effect on estrogen-treated cells ([Figure 1c](#F1){ref-type="fig"}). p53 protein levels were increased in the presence of MG132 and bortezomib, indicating that both inhibitors were active and prevented the constitutive degradation of p53 ([@R40]). Similar results were observed in other estrogen-responsive cells, T47D, ECC1, and PR1 ([Supplemental Figure 1 a-c](#SD1){ref-type="supplementary-material"}).

Dose response studies were then extended to determine if higher doses of bortezomib were required to inhibit ERα proteolysis. MCF7 cells were treated with bortezomib ranging from 0-500 nM in the presence or absence of E2 as above. [Figure 2](#F2){ref-type="fig"} shows that bortezomib partially prevents estrogen-induced proteolysis at 100 nM but complete inhibition is achieved at 500 nM bortezomib. At higher doses, the inhibitory activity of bortezomib expands beyond the chymotrypsin-like site. Indeed, 500 nM bortezomib was shown to also inhibit the caspase-like and trypsin-like activities ([@R31]). Thus, it is unlikely that the stabilization of ERα protein at high concentrations of bortezomib is due to blockade of chymotrypsin-like activity alone. Rather, a more plausible explanation is that stabilization of ERα protein requires multiple enzymatic activities of the proteasome, and that the inhibition of the chymotrypsin-like activity is insufficient to block the rapid degradation of receptor induced upon ligand binding.

Chronic chymotrypsin-like inhibition results in the loss of ERα in ER^+^ cells {#S4}
------------------------------------------------------------------------------

Proteasome-dependent regulation of ERα is a time-dependent process with observable differences between short and chronic treatments with estrogen ([@R61]). Bortezomib is administered chronically, as patients are treated with bortezomib every 3 days and proteasome inhibition in the blood persists 24 hours after treatment ([@R56]). The impact of long-term exposure to bortezomib was thus examined. MCF7 cells were treated with 30 nM bortezomib for 24 hours in the presence and absence of estrogen. Surprisingly, by 24 hours, ERα protein was dramatically diminished in both the presence of bortezomib and MG132 ([Figure 3](#F3){ref-type="fig"}) relative to vehicle controls. Estrogen treatment similarly decreased ERα levels and this loss could be partially stabilized by MG132, but not by bortezomib. p53 levels were increased with both inhibitors and were induced by estrogen, consistent with results shown above and previous published reports, respectively ([@R50]). Western blot analysis of ERα levels in other ER+ cells under identical conditions showed that ERα protein loss induced by bortezomib was a generalized response ([Supplemental Figure 1d-g](#SD1){ref-type="supplementary-material"}).

ERα protein levels under conditions of constant exposure to estrogen are largely controlled at the level of receptor synthesis ([@R61]). ERα mRNA levels were therefore examined following bortezomib treatment. Evaluation of ERα mRNA levels by quantitative real-time PCR (qRT-PCR) showed that treatment with bortezomib caused a decrease in ERα mRNA to 18% ± 0.08 of control levels. E2 also reduced ERα mRNA and combined treatment with bortezomib and E2 results in an approximate 95% ± 0.01 decrease in ERα mRNA expression relative to vehicle-treated controls ([Figure 4a](#F4){ref-type="fig"}). ERβ mRNA levels were not significantly altered by either E2 or bortezomib alone, but in combination, estrogen and bortezomib increased ERβ mRNA ([Figure 4b](#F4){ref-type="fig"}). Bortezomib also increased expression of the α5 subunit of the proteasome ([Figure 4c](#F4){ref-type="fig"}) providing further evidence that the effect of bortezomib on ERα gene expression was specific and not due to general inhibition of transcription.

To probe further into the mechanism of bortezomib-induced decrease in ERα, levels of nascent unspliced ERα mRNA were evaluated by qRT-PCR. Similar to total ERα mRNA, the nascent transcript was decreased approximately 90% ± 0.03 by bortezomib alone and was further reduced by an additional 7% ± 0.01 by E2. In total, ERα transcription was reduced to 3% of the levels in control cells by bortezomib in the presence of estrogen ([Figure 5a](#F5){ref-type="fig"}). Chromatin immunoprecipitation (ChIP) was performed to examine RNA polymerase II (RNA PolII) occupancy as an independent measure of transcription. Previous studies in our laboratory and those of others demonstrated that the major promoter governing ERα gene expression in MCF7 breast cancer cells is the A promoter located near the transcription start site ([@R15]; [@R19]). Studies in [Figure 5b](#F5){ref-type="fig"} show that RNA PolII is present on the A promoter and Exon 1, with negligible occupancy at a non-specific site at -940 basepairs upstream of the transcription start site. These results are consistent with the active transcription of the ERα gene in MCF7 cells. Paralleling the loss of nascent transcript, bortezomib and estrogen treatments both resulted in a decrease in RNA PolII occupancy at both the A promoter and Exon 1. These data indicate that bortezomib regulates ERα directly at the transcriptional level by reducing RNA PolII occupancy at the proximal promoter.

The data suggest that bortezomib regulation of ERα gene transcription is dependent on the endogenous ERα promoter. To test this further, C4-12 breast cancer cells, an ER^-^ derivative of the MCF7 cells, were engineered to express wild-type ERα (wt-ER) under the control of a cytomegalovirus (CMV) promoter. Quantitative RT-PCR for ERα mRNA driven by a heterologous promoter showed that, in contrast to the endogenous gene, CMV-driven ERα mRNA levels were increased by bortezomib ([Figure 6a](#F6){ref-type="fig"}). The lack of effect by estrogen is expected since estrogen regulation of ERα requires the native chromatin environment ([@R19]). Analysis of wt-ER protein levels showed that chronic bortezomib also did not deplete ERα protein under these conditions ([Figure 6b](#F6){ref-type="fig"}). These data reveal that bortezomib inhibits transcription of ERα mRNA through mechanisms involving the endogenous regulatory region. Moreover, they suggest that the loss of ERα protein observed in cell lines upon chronic bortezomib exposure can be explained by the inhibition of ERα mRNA transcription.

The loss of ERα protein with chronic proteasome inhibition alters ERα functional activity {#S5}
-----------------------------------------------------------------------------------------

Next, the impact of bortezomib on ERα functional activity was assessed. The transcriptional activity of ERα was evaluated by analysis of endogenous progesterone receptor (PR) and pS2 gene expression. PR and pS2 are classical estrogen-responsive genes that are dependent on ERα for expression and are induced by estrogen ([@R23]; [@R42]; [@R60]). Chronic bortezomib treatment had opposite effects on these two estrogen receptor target genes. While bortezomib treatment resulted in a significant inhibition of estrogen-dependent activation of PR, it resulted in an enhancement of estrogen-dependent pS2 gene transcription ([Figure 7a-b](#F7){ref-type="fig"}). In the absence of estrogen, bortezomib decreased pS2 and increased PR gene expression. An artificial reporter gene consisting of tandem estrogen response elements and a minimal thymidine kinase promoter was also analyzed to directly test the impact of bortezomib on ERα-dependent transcription. Luciferase protein and gene expression were significantly increased by estrogen treatment and this was unaffected by co-treatment with bortezomib ([Figure 7c-d](#F7){ref-type="fig"}). Bortezomib also did not affect basal luciferase levels indicating that the thymidine kinase promoter was not sensitive to proteasome inhibition. These data suggest that bortezomib alters ERα-dependent gene transcription in a promoter-specific manner.

ChIP analysis was undertaken to determine whether the differences observed between PR and pS2 were related to the level of ERα occupancy on the promoters. In [Table 2](#T2){ref-type="table"}, the occupancy of RNA PolII and ERα on the pS2 and PR promoters can be compared with the changes in expression levels in each treatment group. RNA PolII occupancy on the two promoters follows the transcription of the genes. Occupancy of RNA PolII on both PR and pS2 promoters increased in response to estrogen. RNA PolIl remains elevated on the pS2 promoter in the presence of bortezomib, but is decreased on the PR promoter. This is consistent with high levels of expression of pS2 and loss of expression of PR in the presence of bortezomib. Similarly, ERα occupancy increased on both promoters in response to estrogen. Most striking, however, is the ERα occupancy on the two promoters in the presence of bortezomib. Despite a severe reduction in ERα protein levels in the presence of bortezomib ([Figure 3](#F3){ref-type="fig"}), ERα occupancy on the pS2 gene is unaffected, whereas ERα occupancy on PR is decreased. These results demonstrate that the promoter-specific actions of bortezomib on ERα-mediated gene transcription relate to ERα occupancy on the promoters and the sensitivity of individual target genes to changes in ERα levels.

ERα is a major regulator of growth in estrogen-dependent tumor cells. Inhibitors of ERα activity are effective therapies in breast cancer and inhibit proliferation both *in vitro* and *in vivo* ([@R63]). In particular, fulvestrant is a potent anti-estrogen therapeutic that depletes cells of receptor by targeting ERα protein for degradation ([@R12]). Given the loss of ERα protein with bortezomib, it could be predicted that bortezomib would likewise inhibit estrogen-induced growth. Soft agar proliferation assays were conducted to establish the effect of bortezomib on estrogen-induced anchorage-independent colony formation. As expected, estrogen stimulated anchorage-independent growth. However, in the presence of estrogen and bortezomib colony formation was reduced to approximately 3% of that seen with estrogen alone ([Figure 8](#F8){ref-type="fig"}). Thus, bortezomib, in the presence of estrogen, decreased anchorage independent growth, and antagonizes estrogen-dependent proliferation similar to other ERα antagonists ([@R13]; [@R28]).

Discussion {#S6}
==========

Control of ERα levels and activity is of paramount importance in breast cancer. It is established that this control is in part mediated through the regulation of receptor protein stability by the 26S proteasome. The data presented here indicate that the role of the proteasome in ERα signaling extends beyond the control of protein turnover. Our data reveal that the inhibition of the chymotrypsin-like activity of the proteasome is not necessary for estrogen-induced degradation of ERα protein, but instead directly regulates the expression of ERα gene. This results in downstream consequences on ERα-mediated transcription. Further, inhibition of the proteasome prevents estrogen-dependent growth of breast cancer cells. These findings reveal that specific enzymatic activities have differential roles in the control of ERα protein and estrogen-dependent responses.

Bortezomib was developed as a selective inhibitor of the chymotrypsin-like activity of the 26S proteasome. This specificity allowed us to probe more deeply into the activities of the proteasome that contribute to hormone-inducible degradation of ERα. A surprising finding was the inability of bortezomib to inhibit ligand-activated ERα degradation. This is in contrast with other proteasome inhibitors, such as MG132, which has been used extensively by us and others to show stabilization of ERα protein ([@R2]; [@R3]; [@R18]; [@R43]). Doses that are two orders of magnitude greater than those required to inhibit 95% of the chymotrypsin-like activity were required to prevent receptor degradation. Therefore, it is likely that other activities of the 26S proteasome play a larger role in ERα protein stability, and that the chymotrypsin-like activity is not required. Inhibitors developed to target the chymotrypsin-like activity will not prevent the rapid degradation of ERα protein that constitutes the autoregulatory negative feedback loop controlling sensitivity to estrogen, but they will have long term effects on ERα signaling in cells that depend on ERα expression.

Bortezomib had dramatic effects on ERα protein and function at 24 hours. Indeed, ERα protein was significantly depleted in bortezomib-treated cells. The loss of protein following chronic bortezomib is due to greater than 90% repression of ERα gene transcription. This is a direct transcriptional effect of bortezomib on ERα gene expression. ERα gene, *ESR1*, is 450 kilobases in size and is regulated by seven different promoters, A-E2, that yield different transcripts, making it one of the most complex genes in the genome ([@R33]). How the different promoters interact and coregulate ERα expression has not been elucidated. Moreover, the molecular mechanisms that repress ERα gene regulation are only beginning to be elucidated ([@R1]; [@R16]; [@R19]; [@R25]; [@R32]; [@R48]; [@R64]). Regulation of ERα by bortezomib involves loss of RNA PolII at the proximal promoter region. Our laboratory reported that estrogen repression of ERα involves specific chromatin modifications in both the A promoter and Exon 1 ([@R19]). We observed that the combined effects of bortezomib and estrogen on ERα gene transcription is greater than either treatment alone ([Figure 5a](#F5){ref-type="fig"}), and thus bortezomib is unlikely to repress ERα through the same mechanism. Elucidating the mechanism of proteasome-dependent ERα gene transcription is a subject of on-going experimentation.

Like ERα protein, the effects of bortezomib on ERα-mediated transcription are delayed. Activated genes, PR and pS2, were inversely affected by bortezomib, but only after prolonged bortezomib treatment. Estrogen-induction of PR and pS2 were not altered by bortezomib at 4 hours (data not shown). Similar variable effects on ERα-mediated gene transcription have been reported following MG132 treatment at various time points ([@R22]; [@R39]; [@R51]). The delayed transcriptional response suggested that the actions of bortezomib on ERα-mediated transcription are indirect and are most likely secondary to effects on ERα protein. ChIP analysis of RNA PolII and ERα occupancy on these genes revealed that indeed the relative expression of these genes is related to the occupancy of ERα and RNA PolII on these promoters. An interesting observation is that loss of ERα protein did not result in a uniform decrease in occupancy of ERα at all ERα target genes. ERα occupancy on the pS2 promoter was not diminished despite the severe depletion of ERα from the cells. This suggests that pS2 is less sensitive than PR to changes in ERα levels. Moreover, it points to the potential for promoter-specific requirements for different amounts of ERα protein for sustained activation.

The results of these studies have implications in breast cancer therapy and progression. Hormonal therapies antagonize the actions of ERα. Current clinical antagonists include aromatase inhibitors, tamoxifen and fulvestrant ([@R8]; [@R10]). Each functions through a distinct mechanism providing increased patient options and the potential for sequential therapeutic approaches. Aromatase inhibitors block ligand synthesis, tamoxifen inhibits ERα transcriptional function and fulvestrant degrades ERα protein ([@R17]; [@R29]; [@R49]; [@R62]). Bortezomib functions through yet another distinct mechanism, i.e. inhibition of ERα gene expression. Anchorage-independent growth of breast cancer cells is inhibited by bortezomib, consistent with reports in other *in vitro* and *in vivo* models ([@R41]; [@R59]). These studies expand on the previous studies with focus on estrogen-dependent growth. The data indicate that bortezomib can significantly decrease growth in presence of estrogen, similar to tamoxifen and ICI182780 ([@R13]). The effectiveness of bortezomib as a single agent in solid tumors, however, has thus far been disappointing. ([@R20]; [@R56]; [@R68]). Nevertheless these data, along with that from other preclinical models ([@R6]; [@R41]; [@R66]), support the potential for proteasome inhibition as a viable route for development of new therapeutics for ER+ breast cancer.

In addition to its role as a predictive marker for therapy, ERα expression is also a marker for other changes associated with cancer progression. The percentage and intensity of ERα expression are increased in premalignant and malignant lesions relative to the normal mammary gland. ERα protein and mRNA is elevated in hyperplastic enlarged lobular units, a potential precursor to breast cancer ([@R35]; [@R36]). ERα expression is also increased in atypical ductal hyperplasia (ADH), atypical lobular hyperplasia (ALH), ductal carcinoma in situ (DCIS), and invasive carcinomas ([@R55]; [@R57]). The mechanism underlying the expansion of ER+ cells is unknown. Studies in [Figure 3](#F3){ref-type="fig"} and [supplemental data](#SD1){ref-type="supplementary-material"} suggest that proteasome activity sustains ERα expression in multiple estrogen responsive cells as inhibition of this activity leads to a loss of ERα mRNA. This suggests the possibility that increased ERα expression in early lesions may result from changes in proteasome activity. This notion is supported by evidence that protein levels of proteasome subunits and chymotrypsin-like activity are increased in tumor samples relative to normal adjacent tissue ([@R7]). In addition, proteasome activity in ER+ cell lines is approximately twice that found in ER- cell lines ([@R11]). The association between proteasome activity and ERα expression in breast cancer, as revealed by this study, suggests the potential that proteasome function could contribute to multiple levels of breast cancer progression including induction of differentiation of ER- cells and/or driving the selective advantage of ER+ cells in malignancy. Examination of proteasome activity in early premalignant lesions would lend insight into this possibility.

In conclusion, this study shows that bortezomib, an FDA-approved anti-cancer agent, has significant and broad effects on the ERα pathway in breast cancer cells. Bortezomib does not interfere with the rapid response of estrogen-induced proteolysis of the receptor by the 26S proteasome, but chronically, it inhibits expression of ERα and PR genes as well as ERα protein. In addition, bortezomib was found to inhibit estrogen-dependent colony formation in breast cancer cells. These studies highlight the complexity of ERα regulation by the 26S proteasome and reveal a new link between the proteasome pathway and ER+ breast cancer.

Materials and Methods {#S7}
=====================

Cell culture {#S8}
------------

Cells were maintained in media containing phenol red and L-glutamine supplemented with 10% fetal bovine serum (FBS; Biowest, Miami, FL, USA) and 100 units/mL of penicillin and 100 μg/mL streptomycin unless otherwise indicated. Reagents were from Gibco/Invitrogen (Carlsbad, CA, USA) unless indicated. MCF7, PR1, and MDA-MB-231 were cultured in high glucose DMEM (Mediatech, Inc Herndon, VA, USA). T47D cells were maintained in RPMI 1640 (Mediatech). ECC-1 and BT474 cells were cultured in DMEM/F12. BT474 cells were supplemented with 2 mM L-glutamine, 0.1 mM non-essential amino acids, and 6 ng/mL insulin (Sigma-Aldrich Corp., St, Louis, Mo, USA). Wt-ER cell lines were generated and maintained as previously described ([@R46]).

Hormone and proteasome inhibitor treatments {#S9}
-------------------------------------------

Three days before experiments cells were transferred to phenol red free media supplemented with 10% charcoal dextran-stripped FBS, penicillin/streptomycin, and 4mM L-Glutamine. Cells were pre-treated 30 minutes with proteasome inhibitors MG132 (Calbiochem, Gibbstown, NJ, USA) or Bortezomib (gift from Dr. Shigeki Miyamoto) followed by vehicle (0.1% ethanol) or 10 nM 17β-estradiol (E2; Steraloids, Inc., Newport, RI, USA) as indicated.

Determination of the IC~50~ {#S10}
---------------------------

50,000 cells/well were plated in a 96 well plate. Increasing concentrations of bortezomib from 0-70 nM or MG132 0-10 μM were incubated with the cells for 4 hours. Chymotrypsin-like activity of the proteasome was measured with a luminescent enzyme assay as per the manufacturer\'s instructions (Promega, Madison, WI, USA) and read on a Victor plate reader (PerkinElmer, Waltham, MA, USA). Luminescent signal was assessed relative to untreated cells. Data are representative of a minimum of two experiments done in duplicate. IC~50~ calculations were completed using nonlinear regression analysis in Graphpad Prism version 5.0 (San Diego, CA, USA).

Western blots {#S11}
-------------

Western blots were performed as described previously ([@R61]). Blots were probed with antibodies for ERα (6F11, Vector Laboratories Inc., Burlingame, CA, USA), p53 (DO 1, Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA), and β-actin (Sigma-Aldrich Corp.). Anti-mouse horse radish peroxidase conjugated secondary antibody was used after primary antibody incubation (GE Healthcare Bio-Sciences Corp., Piscataway, NJ, USA). Enhanced chemiluminescence (GE) was used for visualization. Representative blots of a minimum of two independent experiments, demonstrating consistent results, are shown in figures.

Luciferase Assay {#S12}
----------------

MCF7 cells were transfected using lipofectamine 2000 (Invitrogen) with ERE-tk-luciferase and CMV-βgalactosidase plasmids for 24 hours and then treated as indicated. Luciferase and β-galactosidase assays were performed as described previously ([@R24]).

qRT PCR {#S13}
-------

Total RNA isolation, reverse transcription, and qRT-PCR were performed as previously described ([@R61]). Ribosomal protein P0 mRNA served as the internal control. Primer sequences are shown in the table below.

α5

5′-GGAGGAGTTGATGAGAAAGG

5′TTGAGGATGATGAGTGAAGAC

Nascent ERα

5′- TACCGTCCGTGCGAGAGG

5′- GCCAAGAGCGAGACCTTCC

ERα

5′- CCTGATGATTGGTCTCGTCTG

5′-, GGCACACAAACTCCTCTCC

ERβ

5′-AGAGTCCCTGGTGTGAAGCAAG

5′-GACAGCGCAGAAGTGAGCATC

Luciferase

5′-GCAGCCTACCGTAGTGTTTG

5′-CGACTGAAATCCCTGGTAATCC

P0

5′-GACAATGGCAGCATCTACAAC

5′-GCAGACAGACACTGGCAAC

PR

5′-TGACACCTCCAGTTCTTTGC;

5′-AACACCATTAAGCTCATCCAAG

pS2

5′-CGCCTTTGGAGCAGAGAG

5′-ACCACAATTCTGTCTTTCACG

Relative RNA levels were calculated using the delta C~t~ method ([@R38]). Statistics were performed using the MStat program with the Wilcoxon signed rank test ([@R69]).

ChIP {#S14}
----

Chromatin immunoprecipitation (ChIP) and qRT-PCR were performed as previously described ([@R19]). The antibodies used were ERα (HC-20 sc-543) and immunoglobulin G (sc 2027) from Santa Cruz and RNA PolII (PolII 8WG16) from Covance (Emeryville, CA). Primer sequences are listed below.

NS

AGCTGGACCAGACCGACAATG

GCCTTCCACAGGTTGGTTATGC

A

TCCTCCAGCACCTTTGTAATG

AAGTGCAGCTCCCAGGAC

Ex1

CTCTAACCTCGGGCTGTG

CTTGGATCTGATGCAGTAGG

PR

GGCTTTGGGCGGGGCCTCC

TCTGCTGGCTCCGTACTGCGG

pS2

GGCCATCTCTCACTATGAATCACTTCTGC

GGCAGGCTCTGTTTGCTTAAAGAGCG

Soft agar assay {#S15}
---------------

Two mL of 0.8% sea plaque agarose (Cambrex; Rockland, ME) were added to a 6 well plate. The following day 250,000 estrogen-deprived MCF7 cells were suspended in 0.4% agarose/media with 10 nM estrogen +/-30 nM bortezomib. Cells were plated on top of the previously poured layers. Treatments were replaced every four days. After 14 days colonies were stained with crystal violet, imaged and counted using a gel doc XR (Bio-rad, Hercules, CA, USA).

Supplementary Material {#S16}
======================

###### Supplemental Figure 1: The acute and chronic effects of bortezomib are the same in multiple cell types

Representative Western blots from whole cells lysates of the indicated cell line pre-treated for 30 minutes with 30 nM bortezomib (B) and then treated with 10 nM 17-β-estradiol (E2) or ethanol vehicle (-) for 4 hours **a**) T47D, **b**) PR1, and **c**) ECC1 or 24 hours on **d**) T47D, **e**) BT474, **f**) ECC1, and **g**) PR1 cells. Blots were probed with antibodies for ERα and actin as a loading control.
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![Bortezomib and MG132 inhibit the chymotrypsin-like activity of the proteasome in MCF7 cells, but have different effects on estrogen-induced ERα proteolysis\
**a & b**) Chymotrypsin-like activity was measured as in [Table 1](#T1){ref-type="table"}. Data are representative of three independent experiments performed in duplicate, and are graphed as percent proteasome inhibition vs. concentration of bortezomib or MG132. Insets present the data as the relative luminescent units vs. inhibitor concentration. Representative Western blots from whole cells lysates of MCF7 cells pre-treated for 30 minutes with **c**) 30 nM bortezomib (B) or **d**) 10 μM MG132 (M) and then treated with 10 nM 17-β-estradiol (E2) or ethanol vehicle (-) for 4 hours. Blots were probed with antibodies for ERα, actin, as a loading control, and p53, as a control for proteasome inhibition.](nihms155230f1){#F1}

![Dose response curve of bortezomib inhibition of ERα proteolysis\
MCF7 cells were pre-treated for 30 minutes with 50-500 nM bortezomib (B) and then treated for 4 hours with 10 nM E2 (+) or ethanol (-). Western blots were performed on whole cell lysates and probed with antibodies for ERα and actin.](nihms155230f2){#F2}

![Chronic chymotrypsin-like inhibition of the proteasome results in the depletion of ERα protein\
Western blot analysis was performed on whole cell lysates from MCF7 cells pre-treated for 30 minutes with 30 nM bortezomib (B) or 10 μM MG132 (M) followed by vehicle (-) or 10 nM E2 treatment for 24 hours. Blots were probed with antibodies for ERα, actin, and p53.](nihms155230f3){#F3}

![ERα mRNA expression requires the chymotrypsin-like activity of the proteasome\
MCF7 cells were treated for 24 hours with 30 nM Bortezomib (B), 10 nM E2 or in combination (E2/B). RNA was isolated, reverse transcribed, and qRT-PCR was performed to assess relative levels of **a**) total ERα mRNA, **b**) ERβ or, **c**) proteasome subunit PSMA5 (α5). Values were normalized relative to P0 gene and fold changes were calculated relative to the average of a minimum of 3 independent vehicle ethanol (EtOH) treated samples. Error bars represent standard error of the mean. Statistically significant differences (p\<0.05) compared with EtOH control and bortezomib are marked a and b, respectively.](nihms155230f4){#F4}

![Bortezomib results in a decrease in the nascent ERα mRNA transcript by decreasing RNA PolII on the ERα promoter\
MCF7 cells were treated for 30 minutes with 30 nM bortezomib and then for 24 hours with 10 nM E2. **a**) RNA isolation and qRT-PCR were performed as described in [Figure 4](#F4){ref-type="fig"} for the nascent ERα transcript. The data were analyzed relative to the average EtOH treatment and the mean of three independent experiments is shown. Statistics were performed to demonstrate significant differences (p\< 0.05) between vehicle control and estrogen and are marked a and b, respectively. **b**) Chromatin immunoprecipitation (ChIP) was performed using antibodies for RNA PolII and IgG. Primers for non-specific (NS), the A promoter (A) and exon 1 (Ex1) regions of the ERα promoter were used with qRT-PCR to examine the occupancy at each site. Data are presented as the mean percent input of three independent experiments. Error bars represent the standard error of the mean.](nihms155230f5){#F5}

![Transcriptional repression of the ERα gene is responsible for the decrease in ERα\
Stable cell lines in C4-12, an ER- derivative of MCF7 cells, expressing wild type ERα under the control of the CMV promoter (CMV-ER) were treated as in [Figure 4a](#F4){ref-type="fig"}. **a**) Quantitative RT-PCR was performed, as described above, using primers for total ERα. **b**) Representative Western blot of CMV-ERα cells treated for 24 hours was probed with antibodies to assess ERα and actin expression.](nihms155230f6){#F6}

![Proteasome inhibition results in gene specific effects on ERα target gene transcription\
MCF7 cells were treated for 30 minutes with or without 30 nM bortezomib and then treated for 24 hours with or without 10 nM E2. RNA isolation and qRT-PCR were performed as previously described using primers for **a**) PR or **b**) pS2. Data represent the means of a minimum of three independent experiments and error bars represent the standard error of the mean. Statistically significant differences (p\< 0.05) relative to vehicle control (EtOH) or estrogen and are indicated with a or b, respectively. MCF7 cells were transfected with a 3× ERE-tk luciferase reporter plasmid and CMV-β-galactosidase (β-gal) plasmid. The next day the cells were treated for 24 hours with or without 30 nM bortezomib and 10 nM E2. **c**) Luciferase and β-galactosidase assays were performed on whole cell lysates. **d**) RNA isolation and qPCR was performed as previously described for luciferase mRNA. Data are presented relative to the EtOH control and error bars were calculated from the standard error of the mean of three independent experiments.](nihms155230f7){#F7}

![Bortezomib decreases estrogen-induced colony formation\
A graph representing mean colony formation in soft agar assays performed on MCF7 cells treated with EtOH vehicle, 10 nM E2 and 30 nM bortezomib (B) as indicated. Colony formation was visualized after 14 days by staining with crystal violet. Data are representative of four independent experiments and error bars represent the standard error of the mean. Statistically significant differences (p\<0.05) were determined using a student t-test and are denoted with an a (relative to EtOH) or b (relative to E2).](nihms155230f8){#F8}

###### Bortezomib inhibits the chymotrypsin-like activity of the proteasome in multiple cell lines

Cells were incubated in the presence of increasing concentrations of bortezomib for 4 hours. Luminescent signal resulting from the cleavage of a luminescent Suc-LLVY peptide by the chymotrypsin-like activity of the proteasome was measured. IC~50~ values were calculated with a nonlinear regression analysis using the relative luminescent units (RLU) and the log of inhibitor concentration. Data are representative of a minimum of two experiments performed in duplicate.

  Cell Line    IC50 (nM)
  ------------ -----------
  BT474        4.1
  ECC1         1.8
  MCF7         6.8
  MDA-MB-231   6.3
  PR-1         1.4
  T47D         2.9

###### The recruitment of RNA PolII and ERα on the pS2 and PR promoters in the presence of estrogen and bortezomib corresponds to the transcriptional response

MCF7 cells were treated for 30 minutes with 30 nM bortezomib followed by 10 nM E2 for 24 hours. Cells were fixed, lysed, sonicated, and immunoprecipitated with antibodies for RNA polymerase II (RNA PolII), ERα, and IgG as a specificity control. Data are presented as the mean percent input +/- the standard error of the mean of three independent experiments.

               RNA level         RNA PolII       ERα             Ig G
  ----- ------ ----------------- --------------- --------------- ---------------
  PR                                                             
        EtOH   1.15 +/- 0.29     0.17 +/- 0.02   0.11 +/- 0.01   0.04 +/- 0.00
        B      2.93 +/-0.90      0.17 +/- 0.04   0.06 +/- 0.01   0.03 +/- 0.01
        E2     30.40 +/- 9.70    1.41 +/- 0.15   0.18 +/- 0.02   0.04 +/- 0.01
        E2/B   9.08 +/- 3.78     0.32 +/- 0.06   0.06 +/- 0.01   0.04 +/- 0.01
  pS2                                                            
        EtOH   1.10 +/- 0.31     0.40 +/- 0.04   0.94 +/- 0.19   0.03 +/- 0.00
        B      0.50 +/- 0.14     0.27 +/- 0.09   0.77 +/- 0.57   0.03 +/- 0.00
        E2     25.37 +/- 0.91    0.94 +/- 0.09   3.97 +/- 0.41   0.04 +/- 0.01
        E2/B   80.54 +/- 10.76   0.68 +/- 0.17   3.09 +/-1.34    0.03 +/- 0.01
